Power semiconductor devices for electric power conversion must be able to operate at high temperatures and with high levels of reliability. Therefore, heat resistance and long fatigue lifetime are necessary for the solder joints of these devices.
Introduction
The use of general-purpose inverters is rapidly spreading due to the need to save energy. As a result size and cost reductions of general-purpose inverters have progressed dramatically. IGBT (Insulated Gate Bipolar Transistor) chips which are the main components of IGBT power modules have been developed to improve power loss traits while achieving size and cost reductions. The chip has become smaller with each generation of IGBT devices along with reduced power loss and increased operation temperatures. [1] With the emphasis on global environmental protection in recent years, the application of these power devices to the automotive field and to the renewable energy field, such as in wind power generation, is widely expanding. Power devices for automotive applications require high reliability compared with industrial applications due to the more severe conditions in the former. [2] Solder alloy is used for power devices as a joint material.
In the past, lead (Pb) solder was mainly used; however, to meet environmental regulations such as the RoHS (Restriction of Hazardous Substances) order and ELV (End-of Life Vehicles) order, the use of lead-free solder for power devices has become widespread.
Tin-silver (Sn-Ag) based solders are widely used for lead-free applications. Sn-Ag based solder is classified into the precipitation dispersion strengthened alloy and it has a microstructure where reticulated Ag 3 Sn compounds precipitate in the grain boundary of the tin. [3] The precipitation dispersal of Ag 3 Sn strengthens the grain boundary of the tin and suppresses slip deformation. The high strength of Sn-Ag based solders is achieved by this mechanism.
Thus, Sn-Ag based solder exhibits high initial tensile strength. On the other hand, it a known that the microstructure of Sn-Ag based solder is sensitive to heat stress, and is likely to degrade thermally. [4] The mechanism of thermal degradation of Sn-Ag based solder is as follows.
First, the grain boundary of the Sn becomes fragile as the Ag 3 Sn compound coarsens with thermal aging. Next, the Sn grains become large, and cracks occur in the Sn grain boundaries due to slipping of the grain boundary. Finally, intergranular fractures occurs. As described earlier, power devices have been developed to operate at high temperatures and with high reliability. Therefore, joint materials such as solder are required to display higher heat resistance and strength than those of Sn-Ag based solder. 
Influence of Antimony on Reliability of Solder Joints Using Sn-Sb
Two methods are widely used to achieve higher heat resistance and to strengthen the joint material. One is the use of materials, besides the solder, with high melting points, and another one is to strengthen the solder and raise the melting point of the solder. Nano-silver (Ag) particle sinter material has been studied as an alternative high melting point joint material. [5, 6] High melting point solders such as gold (Au) based solders, bismuth (Bi) based solders and zinc (Zn) based solders have also been investigated as possible new solder alloy materials. [7] However, problems remain in terms of the process, the reliability and the cost to apply such solders to practical uses. [8] We focus on the Sn-Sb binary alloy, which is a solid solution strengthening alloy and exhibits higher heat resistance, based on the concept of a combination of the strengthening alloy for higher heat resistance and higher mechanical strength, while diverting an existing process of the Sn-Ag based solder. We investigated the behavior of Sb in solder alloys and a mechanism for strengthening Sn-Sb binary alloys and improving the heat resistance.
Antimony has the effect of reducing cohesion and coarsening the Ag 3 Sn compound when added to Sn-Ag based solder. Therefore, it's confirmed that the heat resistance and fatigue resistance properties are improved relative to Sn-Ag based solders. [9, 10] The Liquidus temperature of Sn-Sb binary alloy can be increased by changing the amount of Sb. [11] The strengthening mechanism of the Sn-Sb binary alloy is classified as a solid solution strengthening type where Sb forms a solid solution in the Sn matrix and the Sn-Sb binary alloy is stable at high temperatures. [12, 13] Antimony in Sn-Sb alloy forms a SbSn intermetallic precipitate when the amount of Sb exceeds the solid solubility limit, and the Sn-Sb binary alloy is strengthened by the composite strengthening mechanism where the two strengthening mechanisms, solid solution and precipitation, are combined. [14] In this paper, we investigated the influence of the amount of Sb on the joint reliability using a material test and the thermal cycling characteristics of a power device, for the purpose of achieving higher heat resistance and higher mechanical strength through composite strengthening of a Sn-Sb binary alloy.
Several studies have reported on higher heat resistance and a longer lifetime in the solder joints of power devices.
However, there are no reports on the relation between the amount of added antimony and the solder joint lifetime in power devices.
Consequently, we considered the influence of the amount of added antimony on the mechanical strength and fatigue lifetime when using a Sn-Sb binary alloy for the joints of power devices.
Experimental Procedure

Sn-Sb binar y alloy systems
Antimony is an element which can form a solid solution into the Sn based solder alloy.
The Sn-Sb binary system phase diagram is shown in Fig. 1 . The melting point of the solder alloy can be rised by making Sb form a solid solution.
Basically, the Sn-Sb binary alloy is the material strengthened by a solid solution strengthening mechanism.
This solid solution strengthening distorts the crystal lattice by substituting Sb for Sn in part of the crystal lattice strengthening the crystal by increasing the energy necessary to dislocate it.
Test materials
The sample Sn-Sb binary alloys contained Sb in concen- Table 1 .
We assumed that the applicable compositions of Sb in Sn-Sb binary alloys for power semiconductor devices are between 5 wt.% which is the practical compositions and 13 wt.% which joint temperature is close to maximum temperature of existing process of the Sn-Ag based solder.
Specimen and test sample
Tensile specimen
The specimens used for the tensile tests are round-bar specimens (based on the JIS 4 specimen).
The diameter of the gauge mark part of the specimens the solder bar temperatures were 80°C higher than the liquidus temperature, using a casting mold and air-cooling (cooling rate; 10°C/sec). After machining, the specimens were heat-treated at 60°C for 24 hours in order to remove crookedness in the processing and stabilize the microstructure. To check the thermal stability of the solder material, specimens were age-treated at 175°C in inert atmosphere for 1,000 hours.
Sample for thermal cycling test
To estimate the fatigue lifetime of the solder joint of a power module product, zygote samples were built, consisting of a metallic base plate joined to a ceramic substrate using solder. The shape and the size of the solder zygote sample are shown in Fig. 3 .
The ceramic substrates and metallic base plates are alumina (Al 2 O 3 ) or silicon nitride (Si 3 N 4 ), and copper (Cu) or aluminum (Al) respectively. The metallic base plate, solder and ceramic substrate were jointed using a hydrogen reducing furnace. The bonding was performed at a temperature 30°C higher than the liquidus temperature. The cooling rate was the same as that used in the fatigue test (10°C/sec).
Tensile test
A tensile test was performed based on JIS Z3198-2 
Thermal cycling test
The thermal cycling test was performed using a gas-vessel-type thermal cycle testing device. The temperatures of the cold sides were set at -40°C and those of the high sides were set at 105°C. The holding time on each side was 15 minutes, and 1 cycle was defined as moving from the low temperature side to the high temperature side.
The degradation form and the crack length of the solder joint were measured by non-destruction observation using ultra sonic microscopy after taking the zygote of solder out from the thermal cycle testing devices at each time point of the thermal cycling. Figure 3 shows the method used to calculate the solder crack length. The white area on the four corners in Fig. 4 represents a solder crack under the ceramic substrate. The mean value of four white areas was defined as the solder crack length in the thermal cycling tests. After the thermal cycling test, the cross-sections in the solder joints were observed using an optical microscope and a scanning electron microscope (SEM). 
Results and Discussion
Tensile testing result
The stress-strain relationship lines obtained from tensile testing of the Sn-Sb alloys at 25°C are shown in Fig. 5 .
We assumed that applicable compositions of Sb in Sn-Sb alloys for power devices are between 5 wt.% and 13 wt.%, however, the tensile tests data of 2 wt.% Sb and 15 wt.% Sb are also described in Fig. 5 as reference data.
The tensile strength is clearly dependent on the amount of added Sb. The tensile strength of the 5 wt.% Sb was 38.9
MPa while that of the 13 wt.% Sb was 68.0 MPa.
The tensile strength, the Young's modulus, the elongation and reduction of area of Sn-13 wt.% Sb obtained from the tensile tests are shown in Table 2 .
Further, for the calculations of Young's modulus, the strains measured by the strain gauge were used and the Young's modulus was calculated by a linear approximation assuming strains within 0.005% are in an elastic region.
Comparisons of the tensile strengths of Sn-5 wt.% Sb and those of Sn-13 wt.% Sb at 25°C, 125°C and 175°C are shown in Fig. 6 . Furthermore, a comparison of the tensile strengths after high temperature aging (175°C × 1,000 hours) is shown in Fig. 7 . The tensile strengths of Sn-13
wt.% Sb exceed those of Sn-5 wt.% Sb at the same temperatures as shown in Fig. 7 .
A cross-sectional observation result of the specimen of Sn-13 wt.% Sb after tensile testing is shown in Fig. 8 . Transformation of a Sn grain near the fracture part neighborhood was observed in fracture morphology at 25°C. The fracture occurred in both the grain and grain boundary.
On the other hand, the Sn grain was stretched parallel to the tensile direction in fracture morphology at 175°C
where the fracture was observed in the grain boundary.
As shown in Fig. 7 , while the tensile strength before high temperature aging was 68.0 MPa in Sn-13 wt.% Sb, after aging treatment it was 66.7 MPa, a decrease of about 2%.
Therefore, it was confirmed that the tensile strength increases in proportion to the amount of added Sb and the addition of Sb is effective in improving the tensile strength.
In addition, it was clear that Sn-Sb binary alloys with high concentrations of Sb exhibit higher strength at high tem- 
Relation between the amount of added Sb and the microstructure
The solidification structures of Sn-5 wt.% Sb and Sn-13
wt.% Sb observed using the optical microscope are shown in Fig. 9 . Further, we used a chemical polishing method to shape the crystal grain in a way that allowed easy observation of the solidification structure.
Tin-5 wt.% Sb (Fig. 9 (a) ) has a microstructure where Sb forms a solid solution in the Sn while precipitation compound was observed in the Sn-Sb matrix for Sn-13 wt.% Sb (Fig. 9 (b) ).
The observation results of the form of the precipitation compound and the element mapping results for Sn-13 wt.% Sb are shown in Fig. 10 .
The shape of the precipitation compound was cubic as shown in the compositional image on Fig. 10 (a) . Furthermore, from the result of the composition analysis from Fig.   10 (b), it was confirmed that the precipitate was a SbSn compound with a composition ratio of Sb to Sn of 1:1.
Moreover, it became clear that a SbSn compound is the reticulated structure in the secondary electron image in The quantitative analytical result of a SbSn compound by Energy Dispersive X-ray Spectroscopy (EDX) is shown in Fig. 11 .
The measured hardness and elastic modulus of the SbSn precipitation dispersion compound are shown in Table 3 . The hardness was measured using a micro-hardness tester. The measuring specification was a forced load of 10 mN using a diamond Berkovich indenter tool and holding time of 30 minutes. While the hardness of the Sn-Sb matrix was 278 N/mm 2 , the SbSn compound exhibits a hardness of 891 N/mm 2 , so the hardness of the SbSn compound was about three times larger than that of the We assume that the elastic modulus of the SbSn precipitation dispersion compound with the high hardness was approximately equal to that of the Sn-Sb matrix because the microscopic gap between the grid in the reticulated structure of the SbSn precipitation dispersion absorbs external stress.
From these results, in Sn-Sb binary alloys with high concentrations of Sb, the Sb reaches supersaturation beyond the solid solubility limit of the SbSn compound and this SbSn compound precipitates in the Sn-Sb matrix with a cubic reticulated structure forming a microscopic grid due to the cubic shape.
Furthermore, the SbSn compound is three times as hard as a Sn-Sb matrix, and the elastic modulus is nearly the same as a Sn-Sb matrix. The reason the SbSb compounds have the same elastic modulus is that the reticulated microscopic mesh structure of SbSn acts to absorb any external force.
We think a structure with such organization results in excellent mechanical properties due to the strengthening effects of a high hardness precipitation compound and the high critical differential movement due to the high interface strength between a compound and a matrix. 
Here, τ a is critical shear stress. F m is maximum stress as which one obstacle acts on dislocation. μ is modulus of rigidity. b is Burgers vector. c is solute atom density.
Precipitation strengthening become dominant in the case that the amount of Sb exceeded the solid solubility limit, and a microscopic separation disperses in the Sn-Sb matrix. The precipitation strengthening amount is expressed by the equation (2), which was led by Gerold and Haberkorn. Here, ε is misfit strain. f is volume fraction. r is atomic radius.
A relation of a Hall-Petch is given by the equation (3) represents relation between grain size d -1/2 and the yield stress. This relation means grain refinement strengthening. As the size of grain become smaller, the number of accumulated dislocation in the crystal grain decreases, so that stress field between adjoining grains reduces.
Because of the stress field reduction, slip become difficult to spread due to and the strength improves.
Here, σ y is yield stress. σ f is frictional stress. k is material constant. d is average grain diameter.
Consideration of the solid solution and precipitation strengthening amount in the Sn-Sb binar y alloy
We discussed a relation between the actual measurement value of the tensile strength and the theoretical strengthening amount of the Sn-Sb binary alloy based on a consideration of a strengthening mechanism as described.
The relation between the tensile strength ratio (Fig. 12) obtained from the measurement of tensile strength and the amount of solid solution strengthening calculated from a relational expression of the Friedel limit is shown in Fig.   13 .
The horizontal axis represents the ratio of tensile strength of Sn-Sb alloys divided by that of pure tin. The vertical axis represents the amount of solid solution strengthening given by the minus one-half power of the amount of Sb which is the solute atom density.
As shown in Fig. 13 , the value of the tensile strength ratios are nearly equal to the solid solution strengthening amounts below the solid solubility limit, and this result can be described the Friedel limit given by Equation (1). That is, the mechanical strength is proportional to the minus one-half power of the amount of added Sb.
On the other hand, the slope of the value of the solid solution strengthening amounts become smaller relative to the tensile strength ratios beyond the solid solubility limit, which deviates from the equation of the Fliedel limit.
That is, the amount of precipitation strengthening increases with a decreasing slope of the value of solid solution strengthening values in Fig. 13 .
It was suggested that the relation between the amount of Sb and the mechanical strength relation in a Sn-Sb binary alloy can be explained using the theory of the strengthening mechanism of a metal material. However, when the density of the solute atom becomes remarkable large, it is also necessary to consider the case where the equation of the Friedel limit cannot be applied and another strengthening mechanism besides solid solution strengthening and precipitation strengthening influence the strengthening of Sn-Sb binary systems.
Thermal cycling test result
We evaluated the joint performance for use in a power 
Conclusions
In this study, we investigated the influence on joint reli- (5) From these results, we can conclude that a Sn-Sb binary alloy with more than 13 wt.% Sb can achieve high reliability in joint layers in power devices.
